A self-assembled monolayer of 2,2'-bipyridine (22BPY) molecules on Au(111) underwent a structural phase transition when the polarity of a bias voltage was switched in scanning tunneling microscopy (STM) experiments. The nature of two bright spots representing each 22BPY molecule on Au(111) in the highresolution STM images was identified by calculating the partial density plots for a monolayer of 22BPY molecules adsorbed on Au(111) using tight-binding electronic structure calculations. The stacking pattern of the chains of 22BPY molecules on Au(111) was explained by examining the intermolecular interactions between the 22BPY molecules based on first principles electronic structure calculations for a 22BPY dimer, (22BPY)2. The structural instability of the 22BPY molecule arrangement caused by a change in the bias voltage switch was investigated by estimating the adsorbate-surface interaction energy using a point-charge approximation for Au(111).
Introduction
2,2'-Bipyridine (22BPY) is a typical bidentate chelating agent for transition metal ions, and its derivatives are among the most widely utilized class of ligands in coordination chemistry. 1, 2 Metal-22BPY complexes have been investigated for many applications, including photocatalytic systems, electroluminescent devices, solar cells, and DNA repair schemes.
3 22BPY has two pyridine rings connected via a C2-C2' bond, which has been estimated to have approximately 10% double-bond character. 4 22BPY can have several conformations, as shown in Scheme 1. In principal, the molecule may assume different conformations when adsorbed on a metal surface. The first conformation is the coplanar cis-form (180 o angle of rotation) with a dipole moment equal to 3.8D and C 2v symmetry. The second conformation is the coplanar trans-conformation (0 o angle of rotation) with a zero dipole moment and C 2h symmetry for an isolated 22BPY molecule.
Two pyridine rings can be rotated around the C2-C2' axis by an angle between 0 o and 180 o resulting in a geometry with C 2 symmetry.
5 22BPY shows a s-trans-planar conformation (Scheme 1b) and has C 2h symmetry in the crystalline state. 5 When incorporated into metal complexes, 22BPY functions as a bidentate ligand (chelate effect). In these cases, it exists in a cis coplanar conformation (Scheme 1a) and has C 2v symmetry. However, lower symmetry conformations must exist between these two extremes (Scheme 1c). In solution, the molecule is in its transoidal-conformation, which is in agreement with quantum chemical calculations. 6 The adsorption of 22BPY at the Au(111) solution interface has been examined using cyclic voltammetry, a.c. voltammetry, chronocoulometry, and second-harmonic generation. 7 These results suggest that 22BPY is adsorbed in a flat orientation at the negatively-charged interface with the two aromatic rings parallel to the gold surface. The molecules assume a vertical orientation at the positively-charged surface with the two nitrogen atoms of the coplanar cis-conformation (as in Scheme 1a) binding the molecule to the surface. 7 In electrochemical environments, individual organic molecules at the solid-liquid interface adsorb onto the substrate surface and form a monolayer, which can be imaged by scanning tunneling microscopy (STM) as a function of the substrate potential. [8] [9] [10] The charge on the substrate surface can vary significantly by changing the bias voltage between the substrate and reference electrode inserted in the liquid. A surface charge density of as high as ~0.1 electron per atom can be achieved. A change in surface charge density can affect the stability of a molecular arrangement in an adsorbed monolayer, which can induce a structural phase transition.
11
For heterocyclic molecules with nitrogen lone pairs, the adsorbate-surface interaction on Au(111) involving the nitrogen lone pair orbitals is strong at high substrate potential. 7 When the surface is negatively charged, 22BPY on Au(111) adopts a flat orientation in which the two aromatic rings of 22BPY are parallel to the Au(111) surface. When the surface is positively charged, 22BPY adopts a vertical orientation in a coplanar cis configuration in which the two nitrogen atoms face the metal surface. Lipkowski et al. 7 reported that 22BPY shows multi-state adsorption on Au(111). At the negatively charged interface, the molecule assumes a flat orientation with the two aromatic rings parallel to the gold surface. A coplanar cis-conformation with both nitrogen atoms coordinated to the substrate surface was suggested at the positively charged interface.
7
22BPY is adsorbed flat on a negatively charged Au(111) surface maintaining the trans configuration, and vertically at a positively charged surface adopting a coplanar cis configuration. Moreover, the flat to vertical orientational transition is gradual and goes through a series of torsional intermediate states. 7 Tao et al. reported that the 22BPY molecules orient vertically and form a well-ordered phase on a positively charged Au(111) substrate. 12 STM images of the wellordered phase were interpreted as the 22BPY molecule adopting a cis conformation with the two nitrogen atoms toward the surface. 12 In STM and in situ surface-enhanced infrared absorption spectroscopy (SEIRAS) study, Noda et al. observed orientational and two-dimensional phase transitions in the 22BPY adlayer, which facilitate more dense packing of the molecules at more positive potentials. 13 22BPY is adsorbed flat at < -0.4V(SCE) and vertically at more positive potentials. The vertically oriented 22BPY molecules adopt a cis conformation and coordinate to the surface through the two nitrogen atoms. In association with the flat to vertical orientational transition, the ordered domains in which molecules are stacked into rows like 'rolls of coins' are formed. 13 From an analysis of their high-resolution STM images, Tao et al. reported that each 22BPY molecule is represented by two bright spots and suggested that these bright spots are associated with the two nitrogen atoms of 22BPY ( Figure  1 ).
14 To a first approximation, the STM image of a sample is well described by the partial electron density plot ñ(r 0 ,e f ) of the sample surface. [15] [16] [17] These plots were calculated using the extended Hückel tight binding (EHTB) electronic band structure method 18 and have been indispensible in interpreting STM images of many organic and inorganic compounds.
In particular, calculations for hydrocarbons on graphite 16, 17 showed that insulating molecules adsorbed on a metallic substrate can be detected by STM for two reasons: the orbitals of the insulating molecules mix, albeit slightly, into the energy region of the substrate's Fermi level, and the molecules are close to the tip. As the extent of orbital mixing increases, the electron density of the adsorbed molecules in the associated ρ(r 0 , e f ) plot increases, so the adsorbed molecules appear as bright spots in the corresponding STM images. It is often the uppermost atoms of the adsorbed molecules closest to the tip that dominate the ρ(r 0 , e f ) plot and are observed in the STM images. If the 22BPY molecules adsorbed on Au(111) stand vertically on the surface with the N atoms facing the surface, the two uppermost hydrogen atoms of each 22BPY (i.e., H1 and H2 in Figure 1 ) would be closest to the tip. Therefore, it is expected that the two spots representing each 22BPY in the STM image would be associated with the two uppermost hydrogen atoms rather than with the two N atoms, which are further away from the tip. This study examined the nature of two bright spots representing each 22BPY molecule in the high-resolution STM images of 22BPY molecules on a Au(111) surface, the stacking pattern of chains of the 22BPY molecules on Au(111), and the structural instability of the three conformers arrangement of 22BPY caused by a bias voltage switch. In order to achieve this objective, STM images of 22BPY molecules adsorbed on Au(111) were simulated by calculating their partial density plots, examining the binding energy of a 22BPY dimer, (22BPY) 2 based on first principles electronic structure calculations, and estimating the surface-charge dependence of the 22BPY-Au(111) interaction with the point-charge approximation for a Au (111) surface.
Partial Density Plots and STM Images
The STM images of 22BPY molecules adsorbed on Au(111) were simulated by calculating the partial density plots ρ(r 0 ,e f ) based on the EHTB method for a monolayer of 22BPY adsorbed on a slab of Au atoms consisting of three layers of Au atoms parallel to the Au(111) surface. A monolayer of 22BPY molecules was constructed using the molecules stacked vertically on Au(111) with an interplanar distance of 3.4 Å (i.e., the van der Waals contact distance between the two carbon atoms). Two vertical arrangements of 22BPY molecules were considered; the N atoms facing the surface (case 1), and N atoms facing away from the surface (case 2). The partial density plots were made on the plane lying 3.0 Å above the upper most atoms of the vertically adsorbed molecules (i.e., r 0 = 3.0 Å). Figure 2a shows the partial density plot ρ(r 0 ,e f ) calculated for case 2, i.e., when the H1 and H2 atoms are closest to the tip. The plot shows that each 22BPY molecule is represented by the electron densities of the H1 and H2 atoms. The distance between the two H1 and H2 atoms is approximately 2.1 Å, which is consistent with the distance between the bright spots representing each 22BPY molecule in the high resolution STM images. Figure 2b shows the partial density plot ρ(r 0 ,e f ) calculated for case 2, i.e., when the H4 and H5 atoms are closest to the tip. The plot shows that each 22BPY molecule is represented by the electron densities of the H4 and H5 atoms with no contribution from the lone pair orbitals of N. The distance between the H4 and H5 atoms of 22BPY is much longer than 2.8 Å (the distance between the two nitrogen atoms is approximately 2.8 Å), which is inconsistent with the distance between the bright spots representing each 22BPY molecule in the high resolution STM images.
14 Consequently, the bright spots in the STM images of the 22BPY molecules adsorbed on Au(111) should be assigned to the H1 and H2 atoms of 22BPY molecules. This means that the 22BPY molecules are adsorbed on Au(111) through interactions with the nitrogen lone pair.
Interaction between 22BPY Molecules
The stacking pattern between 22BPY molecules was analyzed by examining the intermolecular interaction between 22BPY molecules by performing first principles electronic structure calculations for a dimer, (22BPY) 2 , in which the two molecules are arranged parallel to each other, as shown in Figure 3 . The relative positions of the two 22BPY molecules in this dimer were determined using the two geometrical parameters d and a. Here, a is the intermolecular distance, and d is the extent of overlap between two 22BPY molecules in the top projection view of the dimer. d = 0 signifies that the nearest terminal H atoms of the 2 . For the electronic structure calculations, the hybrid density functional method was employed at the level of B3LYP/6-311G(d,p) implemented in Gaussian98 code. 19 The structure of 22BPY was kept constant at the structure optimized with the same level of calculations.
The dimerization energy of (22BPY) 2 , ΔE, which is defined as the energy of the dimer minus twice the energy of the monomer, was calculated as a function of the geometrical parameters d and a. Table 1 summarizes the computational results for (22BPY) 2 . Figure 4 shows the essential trends in the calculated dimerization energies as a threedimensional surface plot. As a function of a and d, the minimum energy surface of Figure 4 is when the distance between the nearest atoms of two monomers is beyond the van der Waals distance. Table 1 shows the dimerization energies, ΔE, calculated for the local minimum-energy structures of (22BPY) 2 , obtained under the constraint that the 22BPY monomers are parallel to each other. Note that in the region of a = 2.0-3.60 Å, there are two minimum-energy structures with differing degrees of overlap between two 22BPY molecules, i.e., one with overlap (d < 0) and the other without (d > 0). In the region of a = 2.0-3.60 Å, the dimers are with overlap (d < 0) of 3 Å (see Figure 3 ). In the a =2.0 over and d = 8.0 Å region, the dimers have no overlap (d > 0) and the dimerization energy ΔE has a negative value. Only when the intermolecular spacing is close to the van der Waals sum of two carbon atoms (i.e., 3.4 Å), the two local minimumenergy structures show comparable stability (Table 1) .
Full geometry optimizations for (22BPY) 2 in the regions of the low-energy structures lead to six local minimum energy structures with a negative ΔE (i.e., the dimer formation is energetically favorable), as shown in Figure 5a -f. The two most stable structures of (22BPY) 2 have C-H…N hydrogen bonds between the two monomers. The remaining four dimer structures originate from interplanar van der Waals interactions and have C-H…H-C hydrogen bonds between the two monomers. The three most stable structures show rotation via around the N-C-C-N single bond at each 22BPY monomer. Optimized and twisted 22BPY dimers show an extent of rotation of approximately 40° The surface in Figure 4 is a flat area in the range of a = 2.0-5.2 Å, and above d = 8 Å. It was assumed that the flat area is consistent with the observation that two kinds of kinks occur in the STM images of 22BPY molecules on Au(111). One sudden translation of a section of a chain in a direction perpendicular to the chain by approximately 2 Å can occur without changing the orientation of the chain with respect to the underlying Au(111) lattice direction. The other translation is the sudden bending of a chain by 120°, which allows the chain to follow an equivalent direction on the Au(111) lattice. These results are similar to those reported for 1,10'-phenanthroline. 20, 21 Therefore, the stacking of 22BPY molecules on Au(111) observed in the STM images should be described in terms of the interactions between the nitrogen lone pair and the gold atom as well as the interplanar van der Waals interactions. Figure 6 ) and then performing first principles electronic structure calculations using the B3LYP hybrid method for a 22BPY molecule and the model surface. As shown in Figure 6 .1-6.3, three kinds of arrangements were considered between each 22BPY conformer and the model surface with δ = +0.05 and 0.05. Similar results were obtained for the other δ values examined. Therefore, in the following, only those based on δ = +0.05 and 0.05 are discussed. The 22BPY-Au(111) interaction energy, ΔE s was calculated as a function of the distance r between 22BPY and the model surface, where the distance r is given from the surface to the closest atoms of 22BPY in each case of the three conformers of 22BPY.
Figures 7.1-7.3 summarize the calculation results where the interaction energy ΔE s refers to the energy of a 22BPY molecule interacting with the model surface system minus that of an isolated 22BPY molecule and isolated model surface. The adsorption becomes energetically favorable with decreasing ΔE s . When the cis configuration is perpendicular to the Au(111) surface with the N atoms facing away from the surface, a negative surface charge is more favorable for adsorption than a positive surface charge (Figure 7 .1a). When a cis configuration is perpendicular to the Au(111) surface with the N atoms facing the surface, a positive surface charge is more favorable for adsorption than a negative surface charge (Figure 7.1b) . A positive surface charge is more favorable than the negative surface charge for the flat arrangement of a cis configuration (Figure 7.1c) . Regardless of the sign of the surface charge, when a trans configuration is perpendicular to the Au(111) surface, it has similar ΔE s value, in which the gap to error can be ignored (Figure 7.2a) . A positive surface charge is more favorable than a negative surface charge for the flat arrangement of a trans configuration (Figure 7.2b) . When a cisoid-(twisted) configuration is perpendicular to the Au(111) surface with the N atoms facing away the surface, a negative surface charge is more favorable for adsorption than a positive surface charge ( Figure  7.3a) . When a cisoid-(twisted) configuration for 22BPY is perpendicular to the Au(111) surface with the N atoms facing the surface, a positive surface charge is more favorable for adsorption than a negative surface charge (Figure 7.3b) . Therefore, the cisoid-(twisted) conformation of 22BPY adsorbed on Au(111) at a positively charged surface can be justified energetically. The flat arrangement of the cisoid-(twisted) configuration is more favorable for adsorption on the Au(111) at a positive surface charge than at a negative surface charge (Figure 7 .3c). It is clear from the model calculations that the stability of 22BPY adsorption on Au(111) depends on the charge of the Au(111) surface.
This result is consistent with experimental observation 12, 14 in which a self-assembled monolayer of 2,2'-bipyridine (22BPY) molecules on Au(111) undergoes a structural phase transition when the bias voltage is switched in STM experiments.
Concluding Remarks
The partial density plots show that the bright spots of the high resolution STM images of 22BPY on Au(111) surface correspond to the hydrogen atoms, H1 and H2, of 22BPY, which means that in a monolyer of 22BPY molecules adsorbed on Au(111), the molecules stand vertically with their nitrogen lone pairs interacting with the surface. The calculated binding energies of (22BPY) 2 can explain the "slipping" in the chains of 22BPY molecules observed in the high-resolution STM images of 22BPY molecules on Au(111). The 22BPY-Au(111) interaction energies indicate that the chain structures of the 22BPY molecules in the monolayer on Au(111) can become destabilized when the bias voltage is switched from a positive to a negative value because a switch in bias voltage induces a reversal of the polarity of the surface charge. These results are consistent with the results reported in the literature in that 22BPY adsorbs perpendicular to the positively-charged on the gold surface. [12] [13] [14] [22] [23] [24] The molecule assumes a cis-configuration with nitrogen atoms pointing towards the surface. 
